Objective: Impulse control disorders (ICDs) and dopamine dysregulation syndrome (DDS) are important behavioral problems that affect a subpopulation of patients with Parkinson's disease (PD) and typically result in markedly diminished quality of life for patients and their caregivers. We aimed to investigate the effects of subthalamic nucleus (STN) and internal globus pallidus (GPi) deep brain stimulation (DBS) on ICD/DDS frequency and dopaminergic medication usage.
Introduction
Dopamine agonist therapy and sometimes even levodopa therapy for Parkinson's disease (PD) may be associated with hypersexuality, pathological gambling, compulsive eating, compulsive shopping, and other ICDs [1] . In PD patients dopamine replacement therapy may also result in a pathological overusage of levodopa [2] and this condition has been termed the dopamine dysregulation syndrome (DDS) [3] [4] [5] . The effects of STN and/or GPi deep brain stimulation (DBS) on these issues remains largely unknown, however many groups have argued that DBS, particularly in the STN, may be beneficial for these syndromes by simply facilitating dopamine agonist and levodopa reduction [6, 7] .
Most patients undergoing DBS are selected based on the potential for improvement of motor symptoms as well as for potential improvement in on-off medication fluctuations [8] [9] [10] . Optimal DBS candidates usually have excellent on-off dopaminergic responses documented by a dopamine challenge test. Patients with earlier onset PD have been observed to experience more severe motor fluctuations and to have a higher propensity to develop ICDs and DDS [11, 12] . These patients are more likely to be included in DBS cohorts [13] .
The existing literature is undecided as to the optimal approach to treating patients with these debilitating behavioral disorders. We retrospectively reviewed our comprehensive patient database to report our experience with ICD and DDS and to specifically examine the effect of DBS on these disorders. Neurological, neurosurgical, neuropsychological, and psychiatric evaluations of each patient by an interdisciplinary DBS surgical board were carefully reviewed for ICD and DDS diagnostic criteria. The current investigation examined the effects of unilateral and bilateral DBS as well as lead placement (STN vs. GPi) on ICD/ DDS group classification and change in dopaminergic medication usage for patients with idiopathic PD. The patient population was also studied to determine whether DBS might unmask these behavioral syndromes.
Methods

Ethics Statement
The reported study utilized a University of Florida Institutional Review Board (UF IRB) previously approved database for PD (INFORM-PD). The compiled data had been collected prospectively on all patients seen at the University of Florida Center for Movement Disorders & Neurorestoration. Written informed consent was received from all participants. To facilitate the current study, a second UF IRB approved retrospective chart review was conducted for all patients with PD identified using the database.
Participants
An Institutional Review Board (IRB) approved retrospective chart review was performed on 159 patients who underwent unilateral or bilateral DBS surgery at the University of Florida Center for Movement Disorders & Neurorestoration between January 2002 and January 2010. All patients operated at the University of Florida underwent a complete in person evaluation with a neuropsychologist, a psychiatrist, a neurologist, and a neurosurgeon as part of the DBS screening process. The medical records from the screening process were reviewed as well as the records from the pre-operative interdisciplinary discussion (DBS board) and all post-operative follow-up visits (review included records from all four specialties).
Pre-operative and Post-operative Participant Classification -A detailed record review was utilized to identify any pre-or postoperative ICD or DDS. The diagnostic criteria used for DDS and specific ICDs are detailed in Table 1 . DDS was defined according to Giovannoni's criteria [2] . Hypersexuality was defined according to diagnostic criteria proposed by Voon et al. [14] . Pathological gambling was defined using the DSM-IV definition [15] . Compulsive shopping was defined using McElroy's criteria [16] . Compulsive eating was defined according to the DSM-IV definition and Nirenberg et al. [15, 17] . Finally, punding was defined according to Friedman who initially observed punding behaviors, similar to those seen in individuals taking stimulants, among patients taking levodopa medication [18] . Records were excluded from analyses if DBS implantation occurred at an outside institution.
Group Consensus -Two raters (S.J.M. and N.L.) served as the primary chart reviewers. They were required to review and be experts on the diagnostic criteria for ICDs and DDS prior to initiating the review process. For the study data, if raters disagreed on a diagnosis, discrepancies were resolved by tertiary expert raters to achieve consensus before conducting final analyses.
DBS Implantation
The procedures were performed by a fellowship-trained neurosurgeon (K.D.F.). Multiple pass microelectrode mapping was conducted by a fellowship-trained neurologist/electrophysiologist (M.S.O.). The thresholds for stimulation-induced benefit and side effects were determined intra-operatively using macrostimulation via the implanted DBS lead. Each lead was placed in the sensorimotor region of the desired target (STN or GPi). Pulse generators were surgically implanted one month after lead placement, and patients were typically evaluated for programming and medication adjustments monthly for the first six months, and then every 3-6 months thereafter. Patients underwent unilateral DBS initially and were offered the addition of a contralateral DBS implantation after 6-7 months of followup if clinically indicated.
Statistical Analyses
Patients were initially separated into those with unilateral DBS and those with bilateral DBS. In the preliminary analysis, patients were classified based on pre-operative diagnosis (i.e. ICDs, DDS, both DDS and ICDs, or no ICD or DDS). Diagnostic groups were compared on demographics and particularly gender, as it has been reported that men are predisposed to ICD and DDS [11, 12] . For both unilateral and bilateral DBS patients, the preand post-operative diagnoses were compared to determine whether the stimulation target (STN or GPi) had a significant effect on the outcome, whether any new diagnosis of ICD or DDS developed post-operatively, or whether symptoms of ICD or DDS resolved post-operatively. Analyses used non-parametric statistics (Kruskall-Wallace, Chi-Square). Significance was based on alpha of .05.
Results
Of 159 participants, 24 patients (15.1%) met the diagnostic criteria for ICD and 7 (4.4%) for DDS, either pre-or postoperatively. Pre-operatively, 11/159 patients (6.9%) met criteria for an impulse control disorder or dopamine dysregulation syndrome (ICD = 6/159, 3.8%; DDS = 4/159, 2.5%; both ICD/ DDS = 1/159, 0.6%). Table 3 shows pre-and post-operative diagnoses for each patient with pre-operative DDS. After unilateral DBS placement, all 5/5 patients (100%) still fulfilled the DDS diagnostic criteria. Comparison of the effects of STN vs. GPi stimulation on DDS showed no change in DDS diagnosis relative to site of stimulation or pre-operative vs. 6 months post-unilateral DBS medication consumption according to LED level (all p.0.05).
Diagnostic Group Demographics and Medication Usage
DDS and DBS Stimulation
Of the 5 unilateral patients, 4/5 later had bilateral DBS placement. After bilateral DBS placement in the patients with preoperative DDS, the diagnosis did not change (4/4 maintained DDS).
Compulsive eating (DSM-IV)
A.
Recurrent episodes of binge eating, which is characterized by both of the following: Medication change after bilateral DBS could not be determined due to limited information as one patient died in an unrelated motor vehicle accident and another died of congestive heart failure (2/4 had LED information: preoperative = 1456.22 mg61122.53 mg, 6 m post-bilateral = 1175.00 mg635.36 mg). For these patients, 2/ 4 had bilateral placement in the STN and 2/4 patients had bilateral placement in the GPi. Table 4 shows pre-and post-operative diagnoses for each patient with pre-operative ICD. Of the 7 patients with preoperative ICDs, 1 patient underwent bilateral simultaneous DBS implantation and 6 patients underwent unilateral implantation. 4/6 patients went on to receive bilateral DBS placement. After unilateral DBS placement, 1/6 patients (16.7%) no longer met diagnostic criteria for ICD (placed in STN). Despite the resolution of ICD post-operatively for one patient implanted in the STN, the comparison of the effect of STN vs. GPi stimulation on ICD diagnosis did not yield a significant difference between the two targets (x 2 (1) = 1.20, ns), although notably the sample size was small. Among the 6 unilateral DBS patients with preoperative ICD, there also was no significant difference in preoperative vs. 4 months post-unilateral DBS dopamine agonist usage (x 2 (1) = 0.60, ns). After bilateral placement, 2/4 patients (50%) with sufficient follow-up did not meet the diagnostic criteria for ICD. One case resolved after unilateral DBS and remained asymptomatic after the second surgery. The second case resolved after the additional contralateral DBS. There was no significant difference in preoperative vs. 4 months post-bilateral DBS dopamine agonist usage (x 2 (1) = 2.92, ns). Among the 2 patients with resolved ICD, one had bilateral placement in the STN, and the other had bilateral placement in the GPi.
ICD and DBS Stimulation
DBS Stimulation and Unmasking of Diagnoses
Among patients with pre-operative ICD, 2/7 subjects developed DDS after DBS placement, as shown in Table 4 . Both of these patients were stimulated in the STN. Post-operative DDS was not diagnosed in any patient in our cohort who did not have either pre-operative DDS or ICD.
For ICD, among all of the DBS surgical interventions evaluated (unilateral and bilateral), 17 patients developed ICD postoperatively. Unilateral DBS was associated with 11/17 newly diagnosed ICDs. Of these 11 patients, 5 went on to receive bilateral DBS and in 4/5 patients (80%), the ICD resolved after the addition of contralateral DBS therapy. Staged bilateral DBS was associated with 6 new diagnoses of ICD after the second side procedure that had not been present after unilateral DBS. For all patients with new ICD diagnoses, there was no significant change in pre-operative vs. 4 months post-unilateral DBS dopamine agonist usage, pre-operative vs. 4 months post-bilateral DBS dopamine agonist usage, pre-operative vs. 6 months post-unilateral DBS LED level, or pre-operative vs. 6 months post-bilateral DBS LED level (all p.0.05). Of the patients who developed ICD postunilateral DBS, 7/11 had lead placement in GPi and 4/11 had placement in STN. Of the patients who developed ICD postbilateral DBS, 4/6 had bilateral placement in the STN and 2/6 had placement in the Gpi.
Discussion
Using the criteria described above, we identified a group of 11 individuals with pre-operative DDS, ICD, or both ICD and DDS. Patients in this study all had interdisciplinary pre-operative evaluations for DBS, and these evaluations included questions addressing the criteria for diagnosing behavioral disorders. It is important however to note that when interpreting the data from this study, that the awareness of these behavioral issues evolved over many years, and therefore the reported numbers could represent an underestimate of these features. The findings from this study suggest that unilateral or bilateral DBS had no clear effect on DDS, even if medication reduction was realized. Quantitating medication intake in DDS and ICD, however, can be challenging as exact doses and intervals may not be precisely known. The reason for the lack of precision is that inherent to these syndromes is the potential for taking multiple extra doses of medication. Moreover, since our center performs unilateral DBS frequently, results should be interpreted with caution, as bilateral DBS is associated with more medication reduction, and in a larger sample size may have led to greater improvement in these behavioral features.
GPi vs. STN stimulation targets had no appreciable differential effect on DDS symptoms. In contrast to the negligible effect of DBS on DDS symptoms, the effect of DBS on ICDs appeared more promising. One of seven patients with ICDs prior to surgery resolved their ICD after unilateral DBS placement and remained without ICD after staged bilateral DBS. An additional patient recovered from ICD after bilateral DBS. There was no significant decrease in dopamine agonist usage after either unilateral or bilateral DBS. This observation may be a result of our small sample size, however our results suggest that discontinuation of dopamine agonist usage was not completely responsible for ICD resolution. An important limitation of this study is that surgical target (STN vs. GPi DBS) was either determined by enrollment in a study (NIH COMPARE trial), or determined by interdisciplinary evaluation and expert discussion. This evaluative process may have led to a bias of implanting one target over another for various reasons including the potential for medication reduction with STN DBS. Future studies will need to include a randomized cohort.
DBS may have unmasked some behavioral issues for select patients, or alternatively DBS may have precipitated these behaviors. Prior to DBS surgery, 11 individuals had presentations consistent with ICDs, DDS, or both ICDs and DDS. Though often identified during the pre-operative assessment, the treatment of ICD and DDS has not been established, and as such groups performing DBS have not always specifically excluded these patients from surgery, and have also not routinely employed treatment programs. Data from this study would suggest it will be important in the future to identify and to address these issues preoperatively if possible.
Interestingly, after either unilateral or bilateral DBS placement 2 patients displayed new diagnoses of DDS. Several patients who had not previously met the full diagnostic criteria for ICD or DDS met criteria for ICDs post-operatively. The emergence of post-DBS issues is an interesting and important observation [19, 20] . Potential explanations are that these behavioral issues were present, but not appreciated during pre-operative neuropsychological and psychiatric evaluations, or alternatively that DBS unmasked or precipitated the onset of these new symptoms. Larger, prospective studies will be necessary to clarify whether there is any causal relationship between DBS and the genesis or unmasking of these behavioral disorders, as has been shown in dopamine agonist use [1] . It should be considered that DBS may unmask underlying behavioral features, but also that DBS may, like medications, be capable of causing ICD or DDS. Another limitation of this study was that there was not a standardized approach to medication reduction post-DBS, and medication reduction may impact the appearance of these behavioral issues. It is important to compare our cohort to the general PD literature. The DOMINION study reported a 13.6% ICD rate in the largest cohort reported to date [1] . In comparison, of 159 participants in our study, 24 patients (15.1%) met the diagnostic criteria for ICD and 7 (4.4%) for DDS, either pre-or postoperatively. Slight discrepancies in rate may be explained by differences in study designs, as well as differences between the two populations. Patients with ICD or DDS could potentially be excluded from DBS therapy, and therefore our numbers could also be considered an underestimate of the prevalence of these disorders. It will be important in the future to recruit a large multi-center cohort, such as was done for the DOMINION study, to further clarify DBS effects.
A comparison of the patient characteristics grouped by preoperative diagnosis (i.e. ICD, DDS, both ICDs and DDS, or no ICD or DDS) demonstrated that there was no significant difference between the pre-operative diagnostic groups based on age of onset of PD, age at surgery, duration of symptoms prior to surgery, UPDRS-III OFF MEDICATION, UPDRS-III ON MEDICATION, pre-operative dopamine agonist usage, Hoehn and Yahr Staging OFF MEDICATION, or Hoehn and Yahr Staging ON MEDICATION. Although the DDS patients had a higher mean pre-operative medication consumption relative to the ICD group, this difference was not significant. These observations are consistent with the body of literature on this subject [12] . Also, in the DDS pre-operative group, we observed that all of the patients within the DDS subgroup were male. This observation suggests a strong predisposition to DDS among men and is supported by previous literature [12] . A male predominance has recently also been suggested for certain subtypes of ICDs [11] .
The previously unappreciated prevalence of these Parkinsonrelated behavioral disorders and the profound detrimental effect that they have on the quality of life of patients and their caregivers have resulted in a new appreciation among clinicians and researchers of the critical need for an effective treatment for ICD and DDS. Unfortunately, our understanding of these disorders is limited and their clinical management remains quite challenging. Decreasing or completely discontinuing a patients' dopaminergic medications may reduce the impulsivity observed in ICDs and may also aid in mitigating the pathological medication usage seen in DDS. This approach, however, predictably exacerbates Parkinsonian motor symptoms [21] . When these measures fail, psychotherapeutic interventions may potentially be implemented with some symptomatic improvement. Cognitive behavioral therapy has also been shown to have some efficacy in treating ICDs, such as pathological gambling [22] . Objective research on the efficacy of psychiatric drugs, particularly for ICDs, is limited [21] . Selective reuptake inhibitors and neuroleptics such as clozapine and risperidone have been shown to help control ICDs [23] [24] [25] , while valproic acid and lithium have been shown to improve ICDs on a more case-specific basis [26, 27] . Larger studies are needed to verify these potential pharmacologic effects.
Clinicians have been recently interested in studying the effects of DBS on ICDs and/or DDS, especially since these entities have proven to be difficult to address pharmacologically [7, 19, 20, [28] [29] [30] . Some studies suggest that DBS improves DDS, while others indicate that DBS has no effect [7] . To complicate matters, while some studies indicate that DBS may be an effective therapy for ICDs, others suggest that it promotes their development [19, 20, 28, 29] . All of these previously published studies included only a handful of patients. Well-designed, prospective studies will be required to elucidate the true effects of stimulation in various basal ganglia targets and to determine whether DBS improves, unmasks existing, or precipitates new DDS or ICDs. We suspect, based on the current analysis, that the story is complex and will require a much larger sample size to adequately sort out.
In conclusion, our experience indicated that neither unilateral nor bilateral DBS in the STN or the GPi resulted in resolution of pre-operative dopamine dysregulation syndrome. DBS did, however, show a potential therapeutic effect in two patients with impulse control disorders. One important observation was that DBS appeared to unmask or alternatively precipitate ICDs in some patients. It will be important in future studies to address the mechanisms that may underpin DBS precipitating these disorders. It will need to be determined whether direct limbic stimulation, or alternatively DBS is providing a second hit to a vulnerable genetic background or other process. Screening paradigms for DBS may need to be enhanced to include impulsivity, gambling, and other behavioral measures. Finally, family and spousal input seem to be important in uncovering at risk individuals. Careful prospective screening for these disorders and larger, prospective multi-center studies will be necessary to clarify the effects of DBS on DDS and ICDs. This research should address both therapeutic and potentially deleterious effects of DBS on these disorders.
Based on currently available evidence, clinicians should not consider unilateral or bilateral STN or GPi DBS to be a solution to Parkinsonian ICDs or DDS. Rather, heightened sensitivity to the significant prevalence and profound impact of these Parkinsonrelated behavioral disorders is warranted along with a more comprehensive approach to pre-and post-operative care. Patients should be carefully screened for ICDs and DDS before and after surgery to assess the true impact of DBS on these disorders. A thoughtful, patient-tailored treatment strategy for ICDs and DDS may also include judicious reduction of dopaminergic medications and behavioral therapies.
